Quorum sensing via autoinducer-2 (AI-2) has been identified in different strains, including those from Escherichia, Vibrio, Streptococcus, and Bacillus species, and previous studies have suggested the existence of additional quorum-sensing signals working in the stationary phase of Escherichia coli cultures. To investigate the presence and global effect of these possible quorum-sensing signals other than AI-2, DNA microarrays were used to study the effect of stationary-phase signals on the gene expression of early exponential-phase cells of the AI-2-deficient strain E. coli DH5␣. For statistically significant differential gene expression (P < 0.05), 14 genes were induced by supernatants from a stationary culture and 6 genes were repressed, suggesting the involvement of indole (induction of tnaA and tnaL) and phosphate (repression of phoA, phoB, and phoU). To study the stability of the signals, the stationary-phase supernatant was autoclaved and was used to study its effect on E. coli gene expression. Three genes were induced by autoclaved stationary-phase supernatant, and 34 genes were repressed. In total, three genes (ompC, ptsA, and btuB) were induced and five genes (nupC, phoB, phoU, argT, and ompF) were repressed by both fresh and autoclaved stationary-phase supernatants. Furthermore, supernatant from E. coli DH5␣ stationary culture was found to repress E. coli K-12 AI-2 concentrations by 4.8-fold ؎ 0.4-fold, suggesting that an additional quorum-sensing system in E. coli exists and that gene expression is controlled as a network with different signals working at different growth stages.
by an unknown mechanism (30) . E. coli DH5␣ does not produce AI-2 due to a 60-amino-acid deletion stemming from a 1-bp deletion that results in early truncation of luxS (formerly ygaG) (31) .
Several lines of evidence suggest the existence of additional E. coli quorum-sensing signals besides AI-2. Previously, Withers and Nordström (36) reported that E. coli produces an extracellular factor in late exponential phase to early stationary phase that represses chromosomal replication. By using the bicistronic reporter transposon mini-Tn5 lacZ-tet/1, BacaDeLancey et al. (1) found some E. coli genes (cysK, astD, tnaB, and gabT) that were activated by extracellular signals from stationary-phase, 0.5ϫ Luria-Bertani (LB) medium cultures that are stable at pH 12 (20 min) and 100°C (10 min). These genes have functions for pyruvate and succinate production (1) . Recently, indole, purified from stationary-phase E. coli 0.5ϫ LB medium cultures, was found to induce the expression of gabT, astD, and tnaB (32) . In addition, Sperandio et al. (27) found a new AI (AI-3) in E. coli O157:H7 involved in communication between the bacterium and its eukaryotic host.
With the ability to simultaneously quantify the expression of all genes in one organism whose genome has been sequenced (39) , DNA microarrays have been successfully used to study bacterial responses to different stimuli such as heat shock and other stresses (12, 35, 40) , quorum sensing (8, 26) , anaerobic metabolism (38) , sporulation (10) , and biofilm formation (20, 23, 28, 34) . To further study the roles of E. coli stationaryphase extracellular signals, DNA microarrays were used here to study E. coli DH5␣ (AI-2 ؊ ) (30) gene expression with and without the addition of E. coli-conditioned medium. The effect of stationary-phase quorum-sensing signals on AI-2 synthesis in the exponential phase was also investigated by using E. coli K-12 (AI-2 ؉ ). This is the first study to investigate the effect of E. coli stationary-phase quorum-sensing signals on E. coli global gene expression by using DNA microarrays and to show that stationary-phase quorum-sensing signals repress AI-2 concentrations in the exponential phase.
MATERIALS AND METHODS
Bacterial strains and culture media. E. coli DH5␣ [luxS supE44 ⌬lacU169 (80 lacZ⌬M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1] (22, 31) was used to investigate the effect of stationary-phase signals on the gene expression of early exponential luxS mutant cells. E. coli K-12 (ATCC 25404) was used to study the effect of stationary-phase signals on AI-2 production. Vibrio harveyi BB170 (AI-1 sensor Ϫ , AI-2 sensor ϩ ) was used as the reporter to measure AI-2 activity (21, 30). LB medium (22) containing 10 g of tryptone/liter, 5 g of yeast extract/liter, and 10 g of NaCl/liter with pH adjusted to 7.5 (1) was used to grow the E. coli cells. AI bioassay (AB) medium (11) was used to grow V. harveyi BB170, and LM medium (3) was used to determine the number of V. harveyi CFU.
Preparation of conditioned media. E. coli DH5␣ was grown in LB medium (pH 7.5) overnight and was diluted 1:100 in the same fresh medium. When the culture grew to an optical density at 600 nm (OD 600 ) (DU 640 spectrophotometer; Beckman, Fullerton, Calif.) of 1.65 (1.2 ϫ 10 8 cells/ml), the cells were precipitated by centrifuging at 10,000 ϫ g for 10 min at 4°C and the supernatant was collected. Note that an OD of 0.2 indicated exponential growth of the E. coli cultures, an OD of 0.9 indicated transition from late exponential phase to early stationary phase, and an OD of 1.6 indicated stationary-phase growth. The harvested supernatant was split equally into two portions. One portion was supplemented with tryptone and yeast extract to 0.5 times of that of LB medium, and the pH was adjusted to 7.5. The resulting solution was sterilized by filtering through a 0.2-m-pore-size filter and will be referred to as fresh conditioned medium (FCM). Another portion of the supernatant was autoclaved for 2 h (121°C, 15 lb/in 2 ), tryptone and yeast extract were added, the pH was adjusted to 7.5, and the supernatant was filter sterilized; this medium is termed autoclaved conditioned medium (ACM). Sterile 0.5ϫ LB medium (pH 7.5) was used as the negative control medium to investigate the effect of FCM and ACM on gene expression.
Growth in conditioned media and RNA isolation. To prepare cell cultures for RNA isolation, 200 l of an overnight E. coli DH5␣ culture (grown in LB, pH 7.5) was added to 150 ml of the same fresh medium and was grown to an OD of 0.2 (1.4 ϫ 10 7 cells/ml). Then the culture was split equally into three portions and was centrifuged at 10,000 ϫ g for 5 min at 4°C. The cell pellets were washed once with 40 ml of ice-cold 0.85% NaCl buffer and were centrifuged at 10,000 ϫ g for 5 min at 4°C. The cell pellets were resuspended in 40 ml each of 0.5ϫ LB (pH 7.5), ACM, or FCM and were incubated with shaking for 30 min at 37°C. All three cultures grew to an OD of around 0.3 after incubation. Then the cells were centrifuged at 10,000 ϫ g for 3 min at Ϫ10°C, resuspended in 6 ml of ice-cold 0.85% NaCl buffer, split into four 1.5-ml portions, centrifuged at 10,000 ϫ g for 15 s at room temperature, and flash-frozen in a dry-ice-ethanol bath. The cells were kept at Ϫ80°C until RNA isolation.
To lyse the cells, 1.0 ml of RLT buffer (Qiagen, Inc., Valencia, Calif.) and 0.2 ml of 0.1-mm zirconia/silica beads (Biospec, Bartlesville, Okla.) were added to the frozen bead beater tubes containing the cell pellets. The tubes were closed tightly and were beat for 30 s at the maximum speed in a mini-bead beater (catalog no. 3110BX; Biospec). The total RNA was isolated by following the protocol of the RNeasy Mini Kit (Qiagen), including an on-column DNase digestion with RNase-free DNase I (Qiagen). An OD 260 reading was used to quantify the RNA yield. OD 260 /OD 280 and 23S/16S rRNA readings were measured to check the purity and integrity of RNA (RNeasy Mini handbook; Qiagen).
DNA microarrays. The antisense E. coli DNA microarrays were prepared as described previously (33) . In detail, each gene probe was synthesized by PCR and has a size of the full open reading frame of the corresponding gene (200 to 2,000 nt). The double-strand PCR products were denatured in 50% dimethyl sulfoxide and were spotted onto aminosilane slides (Full Moon Biosystems, Sunnyvale, Calif.) as probes to hybridize with the mRNA-derived cDNA samples. It has been shown that each array can detect 4,228 of the 4,290 E. coli open reading frames (33) . Each gene has two spots per slide. Eight amplified Klebsiella pneumoniae genes and 12 cDNA clones from plants were spotted on each slide as negative controls, while there were 76 E. coli PCR products spotted on each slide as positive controls (33) .
Synthesis of Cy3-or Cy5-labeled cDNA. To convert the total RNA into labeled cDNA from the E. coli DH5␣ samples treated with FCM, ACM, or 0.5ϫ LB, reverse transcription was performed in 1.5-ml microcentrifuge tubes (Fisher) to which 6 g of total RNA and 6 g of random hexamer primers (Invitrogen Corp., Carlsbad, Calif.) were added. The volume was adjusted to 24 l with RNase-free water (Invitrogen). The mixture was incubated for 10 min at 70°C, followed by 10 min at room temperature for annealing; then the reaction components were added, consisting of 8 l of 5ϫ SuperScript II reaction buffer (Invitrogen), 4 l of 0.1 M dithiothreitol (Invitrogen), 1 l of a deoxynucleoside triphosphate mix (a 2 mM concentration each of dATP, dGTP, and dTTP and 1 mM dCTP), 1 l of 0.5 mM Cy3-or Cy5-labeled dCTP (Amersham Biosciences, Piscataway, N.J.), and 2 l of SuperScript II reverse transcriptase (10 U/l, Invitrogen). cDNA synthesis was conducted at 42°C for 2 h and was stopped by heating at 94°C for 5 min. After cDNA synthesis, the RNA template was removed with 2 l of 2.5 M NaOH. The pH was neutralized with 10 l of 2 M HEPES buffer, and the cDNA was purified with a Qiaquick PCR Mini Kit (Qiagen). The efficiency of labeling was checked via absorbance at 260 nm for the cDNA concentration, at 550 nm for Cy3 incorporation, and at 650 nm for Cy5 incorporation.
Hybridization and washing. The cDNA samples of E. coli DH5␣ treated with FCM or 0.5ϫ LB (6 g of each) were each labeled with both Cy3 and Cy5 dyes to remove artifacts related to different labeling efficiencies; hence, each experiment required at least two slides. The Cy3-labeled FCM sample and Cy5-labeled 0.5ϫ LB sample were hybridized on the first slide. Similarly, the Cy5-labeled FCM sample and Cy3-labeled 0.5ϫ LB sample were hybridized on the second slide. Since each gene has two spots on a slide, the two hybridizations generated eight data points for each gene (four points for the FCM sample and four points for the 0.5ϫ LB sample). DNA microarrays for the E. coli DH5␣ treated with ACM or 0.5ϫ LB were performed in an analogous manner.
The DNA microarrays were incubated in prehybridization solution ( at 45°C for 20 min. The arrays were rinsed with double-distilled water and were spun dry by centrifugation. Labeled cDNA (6 g) was concentrated to 10 l of total volume and was mixed with 10 l of 4ϫ cDNA hybridization solution (Full Moon Biosystems) and 20 l of formamide (EM Science, Gibbstown, N.J.). The hybridization mix was heated to 95°C for 2 min and was added to the DNA microarrays; each array was covered with a coverslip (Corning, Big Flats, N.Y.) and was incubated overnight at 37°C for hybridization. When the hybridization was finished, the coverslips were removed in 1ϫ SSC-0.1% SDS at room temperature, and the arrays were washed once for 5 min in 1ϫ SSC-0.1% SDS at 40°C, twice for 10 min in 0.1ϫ SSC-0.1% SDS at 40°C, and twice for 1 min in 0.1ϫ SSC at 40°C. The arrays were quickly rinsed by dipping in room-temperature double-distilled water and were then spun dry by centrifugation.
Image and data analysis. The hybridized slides were scanned with the Generation III Array Scanner (Molecular Dynamics Corp.). Readings at 570 and 670 nm was used to quantify the probes labeled with Cy3 and Cy5 separately. The signal was quantified with Array Vision 4.0 or 6.0 software (Imaging Research, St. Catherines, Ontario, Canada). Genes were identified as differentially expressed if the expression ratio was greater than 2.4-fold (for the data set of FCM versus 0.5ϫ LB) or 1.9-fold (for the data set of ACM versus 0.5ϫ LB) and if P (found by t test) was less than 0.05. P values were calculated on log-transformed, normalized intensities. Including the P criterion ensures the reliability of the induced-and/or repressed-gene list. Normalization was relative to the median total fluorescent intensity per slide per channel. The gene functions were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/).
RNA dot blotting. Digoxigenin-labeled DNA probes of six genes, phoB, ompC, ptsA, btuB, nupC, and b1498, were synthesized by using the PCR DIG Probe Synthesis Kit (Roche Applied Science, Mannheim, Germany). The PCR was performed in 30 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 40 s. The final extension was at 72°C for 7 min. The probes have lengths of 172 to 400 bp (see Table 5 for specific primers used). Total RNA (1.25, 2.5, or 5 g) from independent cell cultures (different experiments from those used for the DNA microarrays but identical culture conditions) was blotted on positively charged nylon membranes (Boehringer Ingelheim, Ridgefield, Conn.) by using a Bio-Dot Microfiltration Apparatus (Bio-Rad, Richmond, Calif.). Total RNA was fixed by baking for 2 h at 80°C. DNA probes (about 400 ng; a serial dilution of RNA samples was tested to ensure excess of the DNA probes) were denatured in boiling water for 5 min before hybridizing to RNA. Hybridization (50°C, 16 h) and washing were according to the protocol for digoxigenin labeling and detection (Roche Applied Science). To detect the signal, disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2- To study if the unknown signals from the stationary phase of E. coli culture may cause the degradation of AI-2, FCM was supplemented with 0.5% glucose and was used to grow E. coli K-12 from an OD of 0.02 to one of 0.9 in 2.25 h. As the control sample, sterile 0.5ϫ LB medium was supplemented with 0.5% glucose and was used to grow E. coli K-12 to an OD of 0.9 under identical conditions. Then both samples were centrifuged at 10,000 ϫ g for 10 min at 4°C to remove the cells, and the supernatants were filter sterilized and were kept at Ϫ20°C until the AI-2 assay.
AI-2 AI bioassay. E. coli supernatants were assayed using the method of Surette and Bassler (21, 30) . The reporter strain V. harveyi BB170 was grown in AB medium overnight and was diluted 1:5,000 into the fresh AB medium; then the cell-free supernatants from the E. coli samples were added at a concentration of 10% (vol/vol). The time course of bioluminescence was measured with a 20/20 luminometer (Turner Design, Sunnyvale, Calif.) and was reported in relative light units. The cell density of the V. harveyi reporter strain was measured by spreading the cells on LM plates and by counting CFU after 24 h. The experiment was conducted in duplicate.
RESULTS

Comparison of gene expression profiles affected by FCM and ACM.
To investigate the effect of stationary-phase signals on a genetic basis and to study the stability of the signals, DNA microarrays were used to obtain the gene expression profiles of E. coli treated with FCM, ACM, or 0.5ϫ LB. Since the unknown signal studied by Baca-DeLancey et al. (1) was stable at 100°C for 10 min, the ACM was prepared to investigate the heat sensitivity of the signals in the present study. In addition, nutrients (tryptone and yeast extract) were added in FCM and ACM to ensure that the differential gene expression was not caused by starvation.
According to the microarray results, FCM significantly induced 14 genes (Table 1 ) and significantly repressed 6 genes (Table 2) . Similarly, ACM induced 3 genes (Table 3) and repressed 34 genes ( Table 4 ). The gene expression patterns under these two sets of conditions agree well with each other. All three genes (ompC, ptsA, and btuB) induced by ACM were also induced by FCM. Similarly, five out of the six genes (nupC, phoB, phoU, argT, and ompF) repressed by FCM were also repressed by ACM. However, FCM induced more genes than ACM, while ACM repressed more genes than FCM. Hence, the signals may have been partially degraded by autoclaving.
Genes induced by stationary-phase signals. The genes induced by FCM have functions for energy metabolism (aldA), anion and carbohydrate transport (cysA, ptsA), flagellar synthesis (fliK), membrane protein (ompC), indole production (tnaA, tnaL), and unknown functions (b1285, b1498, b2845, ybaJ, and yqgD) ( Table 1 ). The induction of tnaA agrees with the recent report that E. coli MG1655 produces indole at 340 M in the stationary phase (32) .
The induction of ompC by the stationary-phase signals is consistent with the fact that the two important outer membrane porin proteins, OmpC and OmpF, are subject to many environmental factors (18) . ompC and ompF are controlled by OmpR-phosphate (OmpR-P) in an opposite manner. OmpR-P activates ompF at low osmolarity, while it represses ompF and activates ompC at high osmolarity (18) . In addition, ompF was found to be repressed when cells enter the stationary phase (18) , and the expression of ompC was found to increase in E. coli biofilms which contain a high density of cells (19) . Therefore, the induction of ompC by stationary-phase signals suggests that the E. coli cells are encountering high osmolarity in the stationary phase.
Genes repressed by stationary-phase signals. As expected, ompF was repressed by stationary-phase signals. In addition, the pho operon was also repressed by stationary-phase signals (Table 2) . While five genes were consistently repressed by FCM and ACM, more genes (34 genes) were repressed by ACM. The increase in number of repressed genes may be caused by the heat treatment of the conditioned medium, which may degrade chemicals and produce toxic products. The high temperature may lyse chemicals such as peptides and amino acids. In addition, the high temperature and pressure may facilitate a variety of reactions between reactive groups (such as amines), which may lead to the production of unfavorable compounds for the cells. Validation of the DNA microarray results with RNA dot blotting. To confirm the gene expression profiles obtained from the DNA microarray analysis, total RNA was isolated from independent samples and was prepared in the same manner as the DNA microarray experiments, and the expression levels of six representative genes (phoB, ompC, ptsA, btuB, nupC, and b1498) were confirmed with RNA dot blotting (Table 5 ). For example, phoB was repressed fivefold by FCM in the DNA microarray results and was also repressed fivefold by FCM in the RNA dot blotting experiment. Hence, the DNA microarray results provided valid information about the differential gene expression profiles due to the addition of FCM or ACM.
Stationary-phase signals repress the AI-2 concentration in E. coli K-12 exponential cultures. Since AI-2 is degraded when S. enterica serovar Typhimurium cells enter the stationary phase (30) , it was hypothesized that the addition of stationaryphase signals to an E. coli culture would repress the AI-2 concentration. To test this hypothesis, FCM and 0.5ϫ LB were each supplemented with 0.5% glucose and were used to grow E. coli K-12 from an OD of 0.02 to an OD of 0.9; glucose was added to produce AI-2 (30). The supernatants were then used for the AI-2 bioassay.
It was found that the stationary-phase signals repressed by 4.8-fold Ϯ 0.4-fold the AI-2 concentration in FCM (79% repressed), compared to the concentration of AI-2 found in 0.5ϫ LB (Fig. 1) . This agrees well with a previous study that indicated that 75% of AI-2 was degraded when S. enterica serovar Typhimurium LT2 was grown for 20 h (14 h after the AI-2 reached the maximum) (30) .
DISCUSSION
Although the actual compounds need to be identified, this study indicates that E. coli has stationary-phase signals that specifically induce or repress certain genes to adjust to high cell density. Since the effects of FCM and ACM were compared with results for 0.5ϫ LB (both FCM and ACM contain 0.5ϫ LB), the induction or repression of genes was not due to the absence of needed nutrient components. It is well accepted that bacteria use quorum sensing to discern their population and adjust gene expression to take advantage of the resources and attack eukaryotic hosts (2) . Given that E. coli AI-2 controls different phenotypes such as flagellar synthesis, motility, and virulence expression (25, 26) , an understanding of the mechanism of AI-2 degradation is necessary. In this study, signals from stationary-phase cultures were found to decrease AI-2 concentrations significantly in E. coli K-12 cultures. Hence, there may be different quorum-sensing signals working at different growth stages enabling bacteria to discern their growth state. The genes induced by these stationary-phase signals are candidates for further studies, since it is possible that some of them encode factors that degrade AI-2 or induce enzymes that degrade AI-2. It is also possible that the stationary-phase signals repress AI-2 synthesis (via luxS) and allow basal AI-2 degradation to reduce AI-2 concentrations in the stationary phase. However, the luxS gene of E. coli DH5␣ was not affected by stationary-phase signals in this study (an average transcription level of luxS mRNA was detected for both the FCM and ACM samples, but luxS was not differentially expressed, since the expression ratios were about one in both the FCM and ACM microarray data sets); hence, the mode of AI-2 regulation appears to be degradation in the stationary phase. Interestingly, AI-1 of Erwinia and Agrobacterium sp., which are similar in structure to furanone, are subject to degradation by lactonase (AiiA) produced by Bacillus cereus (9) .
Although indole has been reported to be a possible signal Hence, the regulation of these genes by the stationary-phase signals may be critical for cells to adjust their metabolism to survive with high cell density and attack eukaryotic hosts. It is expected that stationary-phase signals will be discovered that may improve our understanding of E. coli quorum sensing and may promote the discovery of new antagonists against bacterial pathogens. The existence of additional signals is also supported by the study of biofilms. Clearly, E. coli DH5␣, which is luxS deficient, makes a normal biofilm (14) , and if signaling is involved in biofilms (6, 13) , then there are other quorum signals present in E. coli. As for further studies to identify the signals, reporter strains for the most-induced genes found in the present study, ompC, ptsA, and btuB, should be constructed and used to study the compounds isolated from the stationary-phase cultures. In addition, FCM may be prepared from chemically defined medium (if it also supports the production of signals) rather than from the rich medium (like LB medium) to facilitate signal identification. To separate the compounds, FCM may be extracted with different organic solvents, such as ethyl acetate (32) and dichloromethane. The organic phase and water phase could be further purified with chromatography. Then each component may be tested for its effect on expression of the above genes.
